I. INTRODUCTION
The Japan Atomic Energy Research Institute (JAERI) and the United States Nuclear Regulatory Commission (USNRC) are jointly performing a series of confirmatory integral experiments on the safety response of the Westinghouse AP600 design(1) using the Large Scale Test Facility (LSTF)(2) of JAERI. The primary objective of this test series is to provide thermalhydraulic data of phenomena that would be expected during AP600 transients. Those data are then to be used for assessment of safety analysis codeso).
Under this agreement, the LSTF was modified by adding scaled models of the passive safety features that characterize the AP600 design. The design specifications for the facility modifications were developed by the Idaho National Engineering Laboratory (INEL)(4) based on comparative analyses of the AP600 and modified-LSTF responses to selected accident scenarios using the RELAP5/MOD2.5 code. The added components include two Core Makeup Tanks (CMTs), CMT Pressure Balance Lines (PBLs), a Passive Residual Heat Removal System (PRHR), an In-Containment Refueling Water Storage Tank (IRWST) and an Automatic Depressurization System (ADS). A schematic flow diagram of the LSTF as modified for the AP600 testing is shown in Fig. 1 .
This figure (Fig. 1 ) is useful to describe the expected response of the AP600 passive safety features during postulated events. The fluid flow directions shown in these figures are those expected to occur when the passive safety features are actuated. The CMTs are tanks which hold cold water (borated in the real plant) of the same pressure as the reactor coolant system (RCS). The tank discharge valves are opened when a loss of coolant inventory is detected, to allow the tank inventory to recirculate and drain into the RCS through the direct vessel injection (DVI) lines, driven by the gravity forces. The PRHR is a natural-circulation heat exchanger (HX) loop connected between the hot and cold legs. The C-shaped HX tubes are cooled by the IRWST water inventory. The ADS depressurize the RCS by relieving steam. The ADS stages-1 through -3 valves, located on the top of the pressurizer, are actuated on a low level signal from the CMT, and discharge into the IRWST. The stage-4 valves are located on the hot legs and discharge into the containment atmosphere in the real plant, although they are connected to catch tanks in the LSTF. The RCS (4) to explore different levels of LSTF modifications for the simulation of AP600 transients. The scenarios chosen for these calculations were: 3-and 1-in. cold leg breaks, 3-in. PBL break, one and three SG U-tube ruptures, and a main steam line break. The modifications were evaluated in terms of their capability in reproducing the AP600 response, predicted by using the same code and the same modeling approach, in terms of such parameters as the depressurization rate, mass inventory, and energy distribution.
Based on these analysis results, cost estimates, past testing experience with LSTF (5)- (7), and considering the impacts on the LSTF capability in simulating transients in the current-generation PWRs, the USNRC and JAERI agreed to implement the following modifications to LSTF:
-Add two CMTs .
-Add one PRHR and one IRWST.
-Add 4-stage ADS , with catch tanks for the stage-4 valves. -Add connecting lines for the above components.
These included PBLs, the discharge lines for the CMTs and the IRWST, and Direct Vessel Injection (DVI) lines. -Replace the existing pressurizer with a full-height one. -Add a stand pipe to each accumulator (ACC) tank to allow nitrogen discharge to follow the discharge of the scaled water inventory. -Reduce the depth of cold leg loop seals .
-Increase the flow paths between the upper plenum and the upper head, and between the upper head and the downcomer. The modified LSTF provides a 1/30.5 volumetricallyscaled full-height model of AP600. The components which already existed in the LSTF, however, are not exactly volume scaled. For example, the vessel volume is about 5% smaller than the scaled volume of the AP600 vessel. The scaling ratios for the individual components are shown in Ref. (5) . The AP600 design changes which were announced by Westinghouse in February 1994 (8) were implemented before the first matrix experiment was conducted in April 1994.
The loop on the left hand side in Fig. 1 (A-loop) represents the P-loop in the AP600 plant to which the PRHR and the pressurizer are connected. The other loop (B-loop) represents the AP600 C-loop to which the CMTs are connected. Because the LSTF has only one cold leg per loop, the two CMTs are connected to the same cold leg in the standard experiment geometry; however, for the PBL break and DVI line break experiments, the unaffected CMT is connected to the A-loop cold leg, while the affected CMT is still connected to the B-loop, to avoid atypical influence of the break on the behavior (not shown in Fig. 1 ), where the steam component is condensed, to estimate the time-integrated break mass flowrate on the basis of the level increase in the catch tank. Measurement of transient parameters are made for approximately 2,300 channels including about 300 channels for the newly-added AP600 components. These measurements are mostly concerned with pressures, temperatures, differential pressures (DPs) and flow rates based on DP measurements. Two-phase flow measurements are conducted using gamma-ray densitometers and drag discs. The final data reduction is made offline, but real-time displays are available in the control room not only for directly-measured quantities but also for derived quantities including the spatial distributions of coolant inventory and subcooling which are calculated from measured differential pressures, densities, temperatures and pressures.
III. EXPERIMENTAL RESULTS
Initial and Boundary Conditions
The scope of this paper is limited to the initial five experiments conducted by August 1994. These five experiments simulated loss-of-coolant scenarios with different break sizes and break locations as follows:
AP The experiments were initiated from initial pressures and temperatures typical of the AP600 reactor rated operating conditions. Because the LSTF maximum core power was limited to 10MW, or 16% of the scaled AP600 rated core power, the initial core flow rate was set to 16% of the scaled rated flow to obtain cold leg-to-hot leg temperature difference typical of AP600 rated operating conditions. INEL developed a core decay power curve which takes into account the smaller-than scaled initial core power. With this power curve, the time-integrated core power was scaled starting from 21.3s after reactor trip. Other test boundary conditions including the ADS flow areas, the pump coastdown curve, and the component trip logics were also developed by INEL and implemented by JAERI for testing.
The experiments indicated that the passive safety components had sufficient capabilities to maintain the core cooling and decay heat removal in simulated LOCA situations. Major findings from these experiments are briefly described below. Figure 2 depicts the pressures in the RCS and the SG secondary side during Experiment AP-CL-03(1-in. cold leg break) with timings of major events indicated. This experiment has been post-test analyzed by INEL(9) using the RELAP5/MOD3 code (10) .
General System Responses
The initial events in this experiment (reactor trip, SG isolation) were similar to those in a SBLOCA in a current-generation PWR, except that the CMTs and the PRHR were tripped on early in the transient by a low pressurizer liquid level signal.
Despite the small break size in this experiment, the RCS pressure became soon lower than the SG secondaryside pressures as shown in Fig. 2 . This occurred because the energy removal by the PRHR and CMTs exceeded the core decay power soon after scram. The RCS cooled down and depressurized continuously although the SGs were no longer heat sinks to the RCS. The RCS was thermally decoupled from the SGs after the U-tubes voided completely at -800s for the SG-A and -2,000s for the SG-B. The asymmetric response of the two SGs resulted from the pressurizer outsurge which flowed into the SG-A primary side and thus fed the SG-A primary side with hotter fluid than SG-B. The greater heat transfer in SG-A resulted in a higher secondary-side pressure in SG-A than in SG-B, as shown in Fig. 2 , and this caused boiling of the U-tube inventory to start earlier SG-A than in SG-B. The core temperature distribution is shown in Fig.  3 . The core was entirely subcooled until ADS came on at 3,533s. The subcooling was maintained by the natural circulation through the PRHR and the cold injection from the CMTs. Because the core flow rate was small after the interruption of the natural circulation through SGs, the temperature difference between the core inlet and outlet increased. Also, the cold leg break flow was subcooled until this time.
The collapsed liquid level distribution in the facility at 3,005s, before ADS actuation, is shown in Fig. 4 . The steam which filled the upper portions of RCS resulted from flashing. There was no steam production in the core at this time because the core was entirely filled by subcooled water as was shown in Fig. 3 . The response of the AP600 components in the initial five experiments are summarized in the following subsections.
PRHR Response
The LSTF represents the two banks of PRHR heat exchanger (HX) tubes in AP600*. The tubes are fullsize but the number of tubes (45) is scaled. The PRHR energy removal rate, calculated from the return flow rate and the temperature drop between the inlet and outlet plenums, is compared to the core decay power in Fig. 5 for Experiment AP-CL-03. The PRHR energy removal rate exceeded the core decay power soon after scram (11) . With other energy sinks (CMTs and break flow) available, the RCS inventory cooled down and depressurized continuously.
After the primary loop natural circulation through the SGs had stopped, the cold PRHR return flow entered the pressure vessel without being mixed with the hot loop flow. This resulted in an accumulation of highly subcooled water in the lower parts of the vessel. Since the core flow rate was small after the cessation of the loop natural circulation through the SGs, a strong thermal stratification formed in the core as shown in Fig.  3 for Experiment AP-CL-03.
After the PRHR inlet flow became two-phase flow, the steam component condensed in the upper horizontal leg of the C-shaped HX tubes. For the 2-in. PBL break case (Experiment AP-PB-01), the PRHR return flow rate indicated notable fluctuations, which were synchronized with temperature fluctuations in the upper part of HX tubes. The temperature fluctuations were significant for those tubes which opened below the water level in the PRHR inlet plenum as shown in Fig.  6 . The axial and temporal changes of fluid temperatures inside these tubes suggested that steam may have condensed not only on the HX tube walls but also on subcooled water which existed inside these tubes. The PRHR was disabled by nitrogen gas which discharged from the ACC gas phase soon after the ACC tanks became empty of liquid. Significant gas discharge occurred only after the ADS actuation, and after the system pressure had dropped below 1MPa. The gas accumulated in the PRHR heat exchanger (HX) tubes, causing the water in the tubes to drain completely as illustrated in Fig. 7 . Because the PRHR did not play any important role after the ADS actuation, the above nitrogen effect did not affect much the system overall responses. The decay heat was removed by steam venting through the ADS and passive injection from the CMTs, the ACCs and later the IRWST.
CMT Response
Upon opening of the CMT discharge valve, a liquidphase natural circulation flow initiated in the loop formed by each CMT, DVI line, cold leg, downcomer and PBL. Hot water from the PBL flowed into the top of the CMT, and replaced the initial cold water inventory as the cold water exited into the DVI line. This fluid replacement resulted in a clear thermal stratification in the CMT as shown in Fig. 8(a) for Experiment AP-CL-03. The hot water layer heated the CMT wall. The CMT started draining when the system pressure dropped to the saturation pressure in the top of the CMT. The axial temperature profile in the CMT at the beginning of drain depended on the duration of the natural circulation period as well as on the time history of cold leg temperature during the natural circulation. For the simulated 1-and 0.5-in. breaks, the natural circulation continued for enough long times to allow a thick warm liquid layer to form above the cold water inventory before the CMT started draining. This warm liquid heated up the upper CMT wall. It also flashed continually as the RCS depressurized. The boundaries between the cold, warm and saturated liquid layers are shown in Fig. 9 together with the water level. As shown in this figure, a one-dimensional calculation based on the measured CMT discharge flow rate succeeded to predict the bottom-edge height of the warm, thermally-stratified layer. This indicate that axial diffusion in the liquid phase was small. Figure 8 Fig. 10 . For this experiment, the amount of the warm water which accumulated in the CMT was not enough to keep the water surface saturated, against the heat transfer to the wall, and to heat the wall inner surface up to the saturation temperature before it was exposed to steam environment. The subcooled water surface and cold wall provided sites for steam condensation; however, because the ACCs were discharging nitrogen by this time, this nitrogen was carried by the steam flow into the CMTs, accumulated above the cold surfaces, and suppressed the steam condensation. As such, no significant directcontact condensation events occurred inside the CMTs during this experiment. Figure 10 indicates that the temperatures in the bottom of the steam phase became significantly lower than the saturation temperature because of high concentration of nitrogen. The upper portion of the steam phase indicated higher temperatures because of the thermal inertia of the CMT wall.
ADS and IRWST Response
The ADS stages 1, 2, and 3 valves, all connected to the top of the pressurizer, were opened by the CMT level signal after specified delay times. The discharge through these valves resulted in a quick system depressurization, as shown in Fig. 2 for Experiment AP-CL-03, and a liquid holdup in the pressurizer, as shown in Fig. 7 . The increase in the ACC flow during the depressurization interrupted the CMT discharge flow, since these two flows entered the same line (DVI line) connected to the vessel downcomer.
The opening of the ADS caused the hot water inventory in the upper plenum to flow towards the pressurizer surge line. The cold leg inventory flashed as shown in the coolant inventory distribution, Fig. 7 , and forced the cold water in the vessel lower portions into the core as can be seen in the core temperature profile, Fig. 3 . Because this cold water was brought into contact with steam in the upper portions of the RCS. Direct-contact condensation of steam occurred in the upper RCS, causing oscillatory changes in the core differential pressure as recorded for Experiments AP-CL-03 and AP-CL-04; however, the core inventory was entirely subcooled during such oscillations, and thus there was no problem in the core cooling capability.
The injection from the IRWST initiated only after the ADS stage-4 valves, connected to the hot legs, had been opened.
The injection flow was initially oscilla- tory. The flow oscillations were coupled with changes in the pressurizer and hot leg water levels, the ADS stage-4 flows, the vessel pressure and the core steaming rate. The pressurizer level and IRWST flow rate are plotted in Fig. 11 for Experiment AP-CL-03 (11) . The flow became steady after the pressurizer had emptied.
IV . CONCLUDING REMARKS
Five high-pressure, confirmatory, integral experiments were conducted by August 1995 simulating AP600 reactor response to postulated LOCA events. In all these experiments, adequate core cooling was maintained and the RCS depressurized automatically to such a level as allowing continuous injection from IRWST driven by gravity alone.
The PRHR indicated a high cooling capability. This resulted in significant subcoolings in the RCS liquid phase. The subcooling in the cold leg affected the CMT drain-down behavior. The subcooled water in the lower vessel was separated from steam by (nearly) saturated water beneath the steam water interface in the upper plenum. However, the subcooled water was bought into direct contact with steam after the ADS was actuated, because the saturated water flowed out of the vessel toward the ADS.
The nitrogen discharged from the ACC gas phase blocked the PRHR HX tubes, but only after the ADS was actuated. The gas also limited the condensation in CMTs which occurred for relatively-large breaks, and thereby stabilized the CMT drain-down behavior.
The five experiments summarized in this paper were followed by another nine experiments, conducted by June 1995, which simulated cold-leg breaks, PBL break, DVI line break, station blackout, multiple SGTR and main steam line break. Analyses of all fourteen experiments, including post-test calculations using RELAP5/MOD3, are now being carried out at JAERI and INEL. The results from these analyses will be reported in future papers. -REFERENCES-
